Lipodystrophy involves a loss of adipose tissue. In mice, disruption of adipose tissue Cnot3, a subunit of the CCR4-NOT deadenylase complex, causes adipose tissue anomalies. In Cnot3 adÀ/À mice, white adipose tissue (WAT) decreases concomitantly with enhanced inflammation, whereas brown adipose tissue increases and contains larger lipid droplets. Cnot3 adÀ/À mice show hyperinsulinemia, hyperglycemia, insulin resistance, and glucose intolerance, and cannot maintain body temperature during cold exposure. Increased expression of inflammatory genes and decreased leptin expression also occur in Cnot3 adÀ/À WAT, achieving levels similar to those in lipodystrophic aP2-nSrebp1c and Pparg ldi/+ mice; thus, Cnot3 adÀ/À mice exhibit lipodystrophy.
Lipodystrophy involves a loss of adipose tissue. In mice, disruption of adipose tissue Cnot3, a subunit of the CCR4-NOT deadenylase complex, causes adipose tissue anomalies. In Cnot3 adÀ/À mice, white adipose tissue (WAT) decreases concomitantly with enhanced inflammation, whereas brown adipose tissue increases and contains larger lipid droplets. Cnot3 adÀ/À mice show hyperinsulinemia, hyperglycemia, insulin resistance, and glucose intolerance, and cannot maintain body temperature during cold exposure. Increased expression of inflammatory genes and decreased leptin expression also occur in Cnot3 adÀ/À WAT, achieving levels similar to those in lipodystrophic aP2-nSrebp1c and Pparg ldi/+ mice; thus, Cnot3 adÀ/À mice exhibit lipodystrophy.
Keywords: Cnot3; cold intolerance; lipodystrophy Adipose tissues participate in regulation of energy balance and lipid homeostasis [1] . In mammals, white adipose tissue (WAT) stores excess energy in the form of triglycerides, and brown adipose tissue (BAT) dissipates stored energy as heat [1] . Adipose tissue dysfunction results in obesity (excess adipose tissue) or lipodystrophy (loss of adipose tissues) [2] . Although these two conditions are pathologically opposite states, both are accompanied by similar metabolic consequences, including hepatic steatosis, insulin resistance, and diabetes mellitus [2] . Lipodystrophy may be generalized or partial, depending upon the degree and location of fat loss [2, 3] . Both genetic and acquired factors are responsible for its occurrence [3] . Understanding the mechanism by which lipodystrophy develops should facilitate development of therapeutic strategies. The CCR4-NOT complex, which is a major deadenylase complex in mammals, shortens mRNA poly (A) tails, inducing mRNA decay and repressing translation [4, 5] . The mammalian CCR4-NOT complex comprises at least 10 subunits, Cnot1-Cnot3, Cnot6, Cnot6l, and Cnot7-Cnot11 [6] . Cnot3, a noncatalytic subunit, is involved in substrate recognition, complex formation, and regulation of deadenylase activity [7] [8] [9] [10] . Cnot3 participates in energy metabolism and senses nutrient states [11, 12] . In WAT and liver, the Abbreviations BAT, brown adipose tissue; H&E, hematoxylin and eosin; MEFs, mouse embryonic fibroblasts; MRI, magnetic resonance imaging; ND, normal diet; qPCR, quantitative real-time RT-PCR; Ucp1, uncoupling protein 1; WAT, white adipose tissue. expression level of Cnot3 decreases upon fasting, and increases in obesity [11, 12] . Mice haplodeficient for the Cnot3 gene are lean, showing reduced masses of liver, WAT, and BAT, in part, due to upregulation of liver genes related to energy expenditure [11] .
In this study, we show that adipose-specific disruption of Cnot3 causes reduced WAT, hyperinsulinemia, hyperglycemia, insulin resistance, and glucose intolerance, resulting in development of lipodystrophic phenotypes.
Materials and methods

Mice
Generation of Cnot3-conditional knockout mice has been described previously [10] . Cnot3 lox/+ mice were backcrossed to C57BL/6J mice for at least eight generations. Cnot3 adÀ/À mice were produced by crossing Cnot3 lox/lox mice with transgenic mice expressing Cre recombinase under control of the adiponectin promoter, which is expressed in mature adipocytes [13] . For all experiments, we maintained mice on a 12 h light/dark cycle in a temperature-controlled (22°C) barrier facility with free access to water and a normal chow diet (ND) (CA-1; CLEA Japan Inc., Tokyo, Japan). Male mice at 8-12 weeks of age were used for experiments. For glucose tolerance tests, we deprived mice of food for 16 h and then injected them intraperitoneally with 0.5 mg glucose per g body weight. For insulin tolerance tests, we injected mice intraperitoneally with 1.0 mU human insulin (Eli Lilly and Co., Indianapolis, IN, USA) per g body weight. We collected blood samples and measured glucose concentrations with a glucometer (Glutest Pro; Sanwa Kagaku Kenkyusho, Aichi, Japan). Triglycerides in serum and liver, and insulin levels were determined using Triglyceride E-Tests (Wako, Osaka, Japan) and Mouse Insulin ELISA Kits (Morinaga, Yokohama, Japan), respectively, according to manufacturers' protocols. For cold exposure experiments, mice were housed individually without food or bedding immediately before the start of experiments. Mice were allowed free access to water and caged at 4°C for the duration of the experiment. Core body temperature was monitored every hour with an electronic thermistor (Model BAT-12) equipped with a rectal probe (RET-3, Physitemp, Clifton, NJ, USA) as described [14] . Mouse experiments were approved by the animal experiment committee at the Okinawa Institute of Science and Technology Graduate University.
Magnetic resonance imaging
Mice were scanned under isoflurane anesthesia using an 11.7 T Bruker MRI (Bruker BioSpin, Yokohama, Japan). For each mouse, the entire body was imaged in accordance with an MRI protocol for fat tissues. Parameters for short, T1-weighted, spin-echo pulse sequences were: repetition time = 360 ms, echo time = 20 ms, slice thickness = 1.0 mm, field-of-view = 3.5 9 3.5 (cm 2 ), matrix size = 320 9 320, average = 8. A fat image region was evaluated by visual inspection. FIJI software (NIH, Bethesda, MD, USA) was used for image analysis. Fat area (cm 2 ) was quantified using IMAGE J software (NIH).
Differentiation of primary mouse embryonic fibroblasts
Mouse embryonic fibroblasts (MEFs) were prepared and cultured as previously reported [9] Experiments were performed at passage 2. Adipocyte differentiation was induced by treating confluent cells with medium containing 10% FBS, 0.5 mM methylisobutylxanthine, 1 lM dexamethasone, 5 lgÁmL À1 insulin. Two days after induction, the medium was replaced with the maintenance medium containing 10% FBS, 5 lgÁmL À1 insulin. Medium was renewed every 2 days. Oil
Red-O staining was performed as previously reported [12] .
Histological analysis of tissue
Tissues were fixed in 10% neutral formaldehyde solution overnight. Paraffin-embedded sections were analyzed with hematoxylin and eosin staining. Briefly, sections deparaffinized in xylene were passed through graded alcohol solutions and into PBS. Sections on slides were then pretreated with 10 mM sodium citrate buffer (pH 6.0) at 121°C for 15 min, followed by washing in PBS. Slides were immersed in methanol containing 3% H 2 O 2 solution for 15 min to quench endogenous peroxidase activity. For macrophage staining, monoclonal rat anti-murine Mac2 (clone M3/38; Cedarlane, Burlington, ON, Canada) at 1 : 1000 was used. Slides were washed in PBS, and detected with N-HistofineÒ Simple Stain Rat or Rabbit MAX PO (M) (Nichirei, Tokyo, Japan). After further washing, brown immunoperoxidase staining was developed using a DAB chromogen (Nichirei) and counterstained with hematoxylin (Sakura Finetek Japan, Tokyo, Japan). For Perilipin staining, frozen tissue sections were permeabilized with 0.1% Triton X-100 and subsequently blotted with rabbit monoclonal anti-Perilipin antibody (#9349; Cell Signaling Technology, Boston, MA, USA) (1 : 100).
Antibodies
Antibodies against the following were used for immunoblotting: Cnot3 [9, 12] , Ucp1 (ab10983; Abcam, Cambridge, UK), GAPDH (#2118; Cell Signaling Technology), and atubulin (T9026; Sigma, St. Louis, MO, USA).
Immunoblotting
Tissues were homogenized in lysis buffer (1% NP-40, 50 mM Tris-HCl [pH 7.5]), 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na 3 VO 4 ) using a glass homogenizer and centrifuged for 10 min at 4°C. Lysates were electrophoresed in SDS-polyacrylamide gels and transferred onto Immobilon-P membranes (Millipore, Darmstadt, Germany). Immunoblots were probed with antibodies. Protein level was quantified using IMAGE J software (NIH).
Quantitative real-time RT-PCR
Total RNA (1 lg) was isolated from epididymal WAT (eWAT) and BAT using Isogen II (Nippongene, Tokyo, Japan), and cDNA was generated with SuperScript Reverse Transcriptase III (Thermo Fisher Scientific, Yokohama, Japan). cDNA was mixed with primers and SYBR Green Supermix (Takara, Shiga, Japan) and analyzed with a VIIA 7 sequence detection system (Thermo Fisher Scientific). Relative expression of mRNA was determined after normalization to rplp0 (36B4) levels using the ΔΔCt method. Primer sequences that were used in this study are available upon request.
Microarray analysis
cDNA and biotin-labeled cRNA were synthesized from total RNA purified with an RNeasy Kit (Qiagen, Hilden, Germany), according to the manufacturer's protocol. After fragmentation of cRNA, 20 mg of biotin-labeled cRNA were hybridized to a GENECHIP MOUSE GENOME 430 2.0 Array (Affymetrix, Tokyo, Japan). To determine the average difference for each probe set, a global normalization method (Robust Multi-array Average) was used. Selected probe set IDs were converted according to the manufacture's instruction. Microarray data of aP2-nSrebp1c [15] and Pparg ldi/+ [16] mice were obtained from the Gene Expression Omnibus (GEO) database, www.ncbi.nlm. nih.gov/geo (accession no. GSE9132). We used DAVID Bioinformatics Resources (https://david.ncifcrf.gov/) for gene ontology analysis.
Lipolysis assay
Epididymal fat pads from four to five mice were digested in digestion buffer (121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO 4 , 0.33 mM CaCl 2 , 12 mM HEPES) containing dipase
and 1% fatty acid-free BSA (Sigma) for 40 min at 37°C with shaking. After digestion, adipocytes were filtered through a nylon mesh and centrifuged at 200 g for 5 min. Floating adipocytes were incubated in DMEM containing 10% FBS with or without isoproterenol (1 mM) for 1.5 h at 37°C. Glycerol released into media was determined using a free glycerol reagent (Sigma). Amounts of glycerol were normalized to the total protein content of adipocytes using a BCA Protein Assay reagent (Thermo Fisher Scientific).
Statistical analyses
Comparisons were made using the unpaired Student's t-test. Values represent the mean AE SEM. Statistical significance is as indicated.
Results
Cnot3 deficiency in mouse adipose tissue causes decreased WAT, increased BAT, hyperinsulinemia, hyperglycemia, glucose intolerance, and insulin resistance
To suppress Cnot3 expression in adipose tissues, we crossed adiponectin-cre mice with mice carrying a floxed allele for Cnot3 (Cnot3 lox/lox ) [10] and generated Cnot3 adÀ/À mice. In Cnot3 adÀ/À mice, Cnot3 expression was suppressed in both WAT and BAT, but not in other tissues (Figs 1A and S1). Body weight of Cnot3 adÀ/À mice was comparable to that of Cnot3 lox/lox mice (Fig. 1B,C) . Food intake was not correlated with loss of Cnot3 (Fig. 1D) . Weights of eWAT, inguinal WAT (iWAT), and retroperitoneal WAT (rWAT), and were lower in Cnot3 adÀ/À mice than in Cnot3 lox/lox mice (Fig.1E,F) . Cnot3 adÀ/À mice had smaller mesenteric WAT (mWAT) masses, although not significantly, than Cnot3 lox/lox mice (Fig. 1F) . In contrast, Cnot3 adÀ/À
BAT was increased compared with Cnot3 lox/lox BAT (Fig. 1E,F) . No significant weight differences in other tissues were observed between Cnot3 lox/lox and Cnot3 adÀ/À mice (Fig. 1F) . Consistent with this, there was no significant difference in triglyceride concentration between Cnot3 lox/lox and Cnot3 adÀ/À liver (Fig. S2A) . We calculated lean mass and fat mass using the results of Fig.1F . As shown in Fig. S2B , fat mass decreased significantly in Cnot3 adÀ/À mice compared with control mice, while body weight and lean mass were comparable. These results suggest that the amount of WAT decrease is not large enough to affect total body weight at 8 weeks of age. Consequently, Cnot3 adÀ/À mice weigh the same as controls even in the absence of increases in other tissues. Whole-body magnetic resonance imaging (MRI) analysis confirmed that in Cnot3 adÀ/À mice, subcutaneous and visceral WAT had decreased, and interscapular BAT had increased (Fig. 1G ). Histological analysis with hematoxylin and eosin (H&E) staining revealed that Cnot3 adÀ/À eWAT contained smaller adipocytes than Cnot3 lox/lox eWAT (Fig. 1H ). In contrast, Cnot3 adÀ/À BAT contained larger lipid droplets than Cnot3 lox/lox BAT (Fig. 1I ). Levels of serum insulin and serum triglycerides under feeding conditions, and blood glucose levels under fasting conditions were higher in Cnot3 adÀ/À mice than in Cnot3 lox/lox mice ( Fig. 2A-C ). Insulin and glucose tolerance tests revealed that Cnot3 adÀ/À mice had impaired insulin sensitivity and glucose clearance (Fig. 2D,E) . In brief, suppression of Cnot3 in adipose tissues causes decreased WAT, increased BAT, hyperinsulinemia, hyperglycemia, glucose intolerance, and insulin resistance.
Increased inflammation and decreased lipolysis in Cnot3 adÀ/À eWAT Since increased inflammation is often associated with loss of adipose tissues [17] , we next examined levels of mRNAs encoding inflammatory proteins, Ccl2 (MCP1), Spi1 (PU.1), and Emr2 (F4/80), in Cnot3 lox/lox and Cnot3 adÀ/À eWAT. Levels of Ccl2, Spi1, and Emr2 mRNAs were elevated in Cnot3 adÀ/À eWAT (Fig. 3A) . We also found that MAC-2-positive cells in Cnot3 adÀ/À eWAT increased in comparison with those in Cnot3 lox/lox eWAT (Fig. 3B ). MAC-2 is a lectin secreted by activated macrophages [18] , indicating that macrophages had been recruited in Cnot3 adÀ/À eWAT. We then addressed whether adipose tissue function is impaired in Cnot3 adÀ/À mice. We used immunohistochemistry to detect Perilipin, an essential protein for lipid droplet formation [19] , and a lipolysis assay. Perilipin-negative Cnot3 adÀ/À mice had higher blood glucose levels than Cnot3 lox/lox mice after an intraperitoneal injection of 1.0 U insulin per kg body weight (n = 6 for Cnot3 lox/lox mice and 8 for Cnot3 adÀ/À mice). Values in graphs represent means AE SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
cells were observed in eWAT of Cnot3 adÀ/À mice, but not in that of Cnot3 lox/lox mice (Fig. 3C) . Lipolytic activity was measured with primary white adipocytes isolated from Cnot3 lox/lox and Cnot3 adÀ/À mice in the presence or absence of isoproterenol, an activator of lipolysis [19] . Its activity was decreased in isoproterenol-treated Cnot3 adÀ/À white adipocytes (Fig. 3D) . Therefore, Cnot3 deficiency in adipose tissue causes inflammation, incomplete lipid droplet formation, and decreased lipolysis, indicating that adipose tissue function is impaired in Cnot3 adÀ/À mice. To examine the effect of Cnot3 deficiency on adipocyte differentiation, we employed an in vitro adipocyte differentiation system using primary MEFs. We prepared Cnot3-depleted MEFs by introducing Cre recombinase into Cnot3 lox/lox MEFs. However, Cnot3-depleted MEFs did not differentiate into adipocytes due to extensive necroptosis, consistent with our previous study [9] , rather than due to defects in the differentiation processes. Because wild-type and Cnot3 +/À MEFs differentiated similarly into adipocytes, as shown by Oil-Red-O staining for lipid accumulation (Fig. S3) , Cnot3 does not greatly affect adipocyte differentiation.
Impaired thermogenesis in Cnot3 adÀ/À mice
In mammals, body temperature is maintained by heat production, heat conservation, and heat dissipation [20] . BAT contributes to heat production, while uncoupling protein 1 (Ucp1), which is highly expressed in BAT, participates in thermogenesis [20] . Both Ucp1 mRNA and protein levels decreased significantly in Cnot3 adÀ/À BAT (Fig. 4A,B) . Core body temperatures were similar between Cnot3 lox/lox and Cnot3 adÀ/À mice when mice were maintained at 22°C (Fig. 4C) . Intriguingly, Cnot3 adÀ/À mice suffered decreased body temperatures (30°C) after 5 h of cold exposure (Fig. 4C) , whereas Cnot3 lox/lox mice maintained their temperatures above 35°C (Fig. 4C) . Thus, Cnot3 adÀ/À mice show defective thermogenesis. 
Overlapping gene expression profiles between Cnot3 adÀ/À and lipodystrophy model eWAT
To further characterize the lipodystrophic phenotype in Cnot3 adÀ/À mice, we compared gene expression profiles of Cnot3 adÀ/À mice with those of two other lipodystrophic mouse models: aP2-nSrebp1c (Sr) and Pparg ldi/+ mice, which carry a constitutively active nSrebp1c gene under the aP2 promoter, or an inducible FLAG-Pparg1 gene in an endogenous Pparg1 gene locus, respectively [15, 16] . In eWAT of Cnot3 adÀ/À , Pparg ldi/+ , and Sr mice, 1442, 1284, and 1548 transcript probes, respectively, increased more than twofold compared to wild-type littermates (Fig. 5A ). Of these, 237 probes (193 genes) were common among the three strains (Fig. 5A) . On the other hand, 1533, 1034, 1790 transcript probes decreased more than twofold in eWAT of Cnot3 adÀ/À , Pparg ldi/+ , and Sr epididymal mice, respectively, 164 probes (119 genes) of which were shared among the three strains (Fig. 5A ). This substantial overlap in gene expression abnormalities indicates similarities in the molecular basis of the lipodystrophic phenotype among the three strains. Transcripts that increased or decreased commonly in the mutants are shown in Table S1 . We performed gene ontology analysis using upregulated or downregulated genes, shared among the three lipodystrophic model mouse strains or specific to Cnot3 adÀ/À mice, Sr mice, or Pparg ldi/+ mice. Functional annotation of those genes provided different enrichment of biological themes and functionally related gene groups (Fig. 5B , Table S2 ). Consistent with inflammation in lipodystrophy, genes involved in immune-related function including lectin were commonly upregulated among the three lipodystrophic model mouse strains. In contrast, genes decreased in mutants contained secreted and membrane components of various signaling pathways. Quantitative real-time RT-PCR (qPCR) analysis showed that mRNAs for chemokine (C-C motif) ligand 4 (Ccl4) and C-C chemokine receptor type 5 (Ccr5) increased, while leptin mRNA decreased in Cnot3 adÀ/À eWAT (Fig. 5C ). In Cnot3 adÀ/À mice, a number of genes involved in cell cycle, mainly in cell division and DNA replication, were also upregulated. These are relevant to general roles of the CCR4-NOT complex observed in previous studies using various cell lines [6, 9] . We found that more immune responserelated genes were enriched and genes involved in the nuclear receptor signaling and the fatty acid metabolism were specifically downregulated in Pparg ldi/+ mice. In Sr mice, upregulation of genes involved in metabolism is a unique feature.
Discussion
The CCR4-NOT complex participates in energy metabolism [11, 12] . As Cnot3 protein increases when mice consume rich diets and inhibits expression of genes related to ATP production [11, 12] , it should facilitate lipid accumulation in lipid storage tissues. Table S2 . (C) qPCR analysis of leptin, ccl4 and ccr5 mRNA in eWAT of control and Cnot3 adÀ/À mice (n = 6). Values in graphs represent means AE SEM. **P < 0.01, ***P < 0.001.
Consistently, we observe that adipose tissue-specific loss of Cnot3 causes intense reduction in WAT lipids. Cnot3 adÀ/À mice also show insulin resistance, glucose intolerance, and abnormal adipose tissue function, including enhanced inflammation, decreased numbers of Perilipin-positive cells, and lipolysis. In support of our results, dysregulation of lipid storage in WAT causes insulin resistance and glucose intolerance [15, 16, 21] . As insulin resistance is often associated with activation of inflammatory pathways [22] , enhanced inflammatory pathways detected in Cnot3 adÀ/À mice may contribute to their insulin resistance. Incomplete lipid droplet formation in Cnot3 adÀ/À mice may impair lipolysis because mice lacking structural lipid droplet protein, Perilipin, exhibit reduced adipocyte lipolysis [19] . Thus, Cnot3 is essential for lipid storage in WAT and adipose homeostasis.
Hypoplastic WAT and abnormal BAT lipid accumulation in Cnot3 adÀ/À mice are similar to those in partial lipodystrophy model Sr and Pparg ldi/+ mice [15, 16] . These phenotypes, as well as hyperinsulinemia, hyperglycemia, glucose intolerance, and insulin resistance, resemble the partial lipodystrophic syndrome of HIV patients, in which some adipose tissues degenerate while others expand [23] . As expression levels of immunoreponse-related genes increase in WAT of Cnot3 adÀ/À , Sr and Pparg ldi/+ mice [15, 16] , enhanced inflammation might be a common feature of partial lipodystrophy. Our gene ontology analysis further supported the idea (Fig. 5B,C) . It is intriguing to examine whether dysregulation of the CCR4-NOT complex in cell division and viability influences the incidence lipodystrophy. Because Cnot3 does not greatly affect adipocyte differentiation, the lipodystrophic phenotype in Cnot3 adÀ/À mice is caused mainly by impaired function of adipose tissues. Collectively, the Cnot3 adÀ/À mouse is a new partial lipodystrophy model that should be useful in understanding HIV-associated lipodystrophy.
Cnot3 adÀ/À mice have enlarged BAT, containing excess lipids, concomitant with decreased Ucp1 expression and impaired thermogenesis. Our observations suggest that in BAT, ectopic lipid accumulation disrupts heat production. In support of this conclusion, in mice, transgenic expression of TLE3, a white adipocyte-specific cofactor of PPARc, enforces adipocyte differentiation and promotes BAT lipid storage, resulting in cold intolerance [24] . Although Ucp1 participates in nonshivering thermogenesis in BAT [20] , cold-acclimated Ucp1 À/À mice produce the same amount of heat by shivering [25] . Overflowing lipids from WAT might also accumulate in Cnot3 adÀ/À muscle so as to impair shivering thermogenesis.
Leptin, an adipokine secreted from adipocytes, regulates insulin sensitivity, glucose synthesis, and food intake [26] . Leptin decreases in both generalized and partial lipodystrophy patients, and it is used therapeutically to improve insulin resistance, dyslipidemia, and glucose intolerance [26] . In eWAT of partial lipodystrophy Cnot3 adÀ/À , Pparg ldi/+ , and Sr mice, leptin mRNA decreased compared with control mice (Fig. 5C) . The leptin decrease is relevant to insulin resistance and glucose intolerance, but it influenced food intake only slightly in mouse models of lipodystrophy [27] , (this issue). The metabolic improvement in mouse models of lipodystrophy with leptin administration is not simply due to reduction in food intake [27] . Therefore, Cnot3 adÀ/À mice would also be useful for strategic improvements to leptin therapy for partial lipodystrophy.
In conclusion, we propose a new lipodystrophy model mouse via adipose-specific loss of Cnot3. As Cnot3 facilitates CCR4-NOT deadenylase activity [8] [9] [10] , deadenylation-induced mRNA decay of specific targets may contribute to maintenance of adipose homeostasis. Further study is required to understand molecular mechanisms by which CCR4-NOT complex dysfunction causes lipodystrophy.
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